In this communication, we describe several features of the D.
Nucleic Acids Research MATERIALS AND METHODS Plasmid DNAs and .. melanogaster RNAs were prepared as described by Barnett r& al. (18) .
DNA fragments were radiolabelled at their 5'-ends with T4
polynucleotide kinase (NEN) by the method of Maxam and Gilbert (19) .
DNA sequencing was carried out using the forward-backward technique of Sief et al. (20) except that DNA polymerase I (NEN) was used at 4 units/cleavage reaction and 50 picograms DNAse I (Worthington)/cleavage reaction was added. Because the restriction maps of the plasmids were of low resolution, all sites (but one) were sequenced through from another position to avoid missing small restriction enzyme fragments not detected in the original mapping. The one exception was the Hind III site between subclones HRO.6 and H8.0. In this case, the Hind III fragments of phage c25 were 5'-end labelled and electrophoresed on a DNA acrylamide gel (not shown). No fragments smaller than the 4.0 kb fragment predicted by the original mapping were detected. The rp49 DNA sequence is presented in Figure 3B .
The Si nuclease protection studies were carried out according to the method of Berk and Sharp (21) or that of SollnerWebb and Reeder (22) using sequence ladders to determine the end points of the radiolabelled mRNA/DNA hybrids. The "Blot-Sia experiment was carried out by electrophoresing non-radioactive Sl resistant mRNA/DNA hybrids on neutral (23) and alkaline (24) agarose gels, transferring the gels to nitrocellulose (25) , and hybridizing the filters with subcloned DNA, radiolabelled by nick-translation (26) .
Primer extension analysis of the rp49 intron was carried out with 250,000 cpm of 5' end labelled primer hybridized to 10 ug of adult pA+ RNA according to the method of Klemenz and Guidescheck (27) .
Denaturing RNA gels (28) were 1.5% agarose containing 2.2M formaldehyde. Samples were prepared in 1 X electrophoresis buffer (0.02M MOPS pH7.0, 0.005 M sodium acetate, 0.001 M EDTA containing 50% formamide and 2.2 M formaldehyde) and heated to 650C for 3 min. prior to loading. Transfer of RNA to nitrocellulose paper was according to Southern (25 Ricchardi it Al. (29) . Isolation and two-dimensional gel electrophoresis of ribosomal proteins from Q osoahila were carried out as described (11) .
RES5ULTS
Lgcatign AndSauence Qf the g ne. The rp49 phage was selected by screening a genomic library with radiolabelled cDNA prepared from size fractionated mRNA.
Positive phage were subsequently screened by hybrid selected translation. One recombinant phage, c25, selected a mRNA that encodes a 20,000 dalton large subunit ribosomal protein designated rp49 by our numbering system (11) .
The rp49 mRNA is complementary to a plasmid subclone, H4, derived from phage c25. RNA blot experiments with radiolabelled H4 DNA detect two transcripts of different sizes and temporal expression (30 and Figure 1) . The Figure 3A diagrams the sequencing strategy and the restriction enzyme sites used. The rp49 DNA sequence is presented in Figure 3B . When the GC content of the rp 49 gene is plotted, the pattern shown in Figure 3C is obtained. Displayed with the graph is the structure of rp 49 mRNA (see below). Coding regions of the rp49 sequence have a significantly higher GC content than the untranslated 5' and 3' regions of the mRNA and the intron sequences. This relatively high GC content of coding DNA may be useful in distinguishing potential coding from noncoding DNA, although the generality of this observation has yet to be established.
The existence of an intron within the rp 49 gene was suggested by a preliminary analysis of the DNA sequence for open reading frames and GC content ( Figure 3C ). Also, several S1 nuclease experiments (21), utilizing 5'-end labelled restriction enzyme sites within the major 3' exon, were consistent with this. mRNA, hybridized to a DNA fragment 5' labelled at the TaqI site at +187, protected a 22 bp fragment as analyzed on denaturing gels (data not shown).
A larger fragment was observed on non-denaturing gels, suggesting that this fragment contained an intron. When this hybrid was run alongside the same fragment subjected to the sequencing reactions, the hybrids comigrated with the sequence 5'TCTCCTCAG3'.
This sequence contains the AG sequence for a 3' splice junction site (31) and is very similar to a n, meliAnggaier version of this consensus sequence, YNYYYCAG (Y=Pyrimidine) (32) .
To determine the precise position of the 5' and 3' ends of the intron, a primer extension experiment (27) was carried out. A double stranded primer was derived from the +187 end labelled Taq I site by recutting this fragment with Hha I (+172)(see Figure 4A ). The primer was denatured, hybridized with adult pA+ RNA, and extended with AMV reverse transcriptase in the presence of dideoxynucleotide chain terminators to generate the sequence ladder shown in Figure 4B . This DNA sequence does not contain the 58 bp of DNA between positions +103 and +161. The genomic DNA sequence preceding the 3' junction at position +161 is as suggested by the sl experiments described above. The genomic sequence following the 5' junction at the G nucleotide at +102 is 5'GTGAGT3'. This sequence contains in the correct position the invariant GT of the eukaryotic 5' junction splicing (32) . This experiment establishes the intron boundaries with maximal precision.
The strategy for locating the ends of the gene is diagrammed in Figure 5A . To determine the 5' end of rp 49 mRNA, fragment a, 5' end labelled at the Dde I site, was incubated with embryo pA+ RNA and digested with S1 nuclease. The mRNA-DNA hybrids were electrophoresed on a denaturing polyacrylamide gel, adjacent to the same DNA fragment subjected to the sequencing reactions. The nibbling effect of S1 nuclease (22) results in a ragged end on the protected DNA, although the possiblity that the 5'-end of this transcript is heterogeneous cannot be excluded. These bands comigrate with the sequence 5'ACCAGCTT3' when the inverse complement of the DNA sequence is read. Although only reminiscent of the proposed eukaryotic consensus start sequence PyA(Py)5 (where A is the +1 nucleotide) (33-35), it is very similar to several D... elalnog.aster mRNA start sequences (32, 36, 37, 49, 50) .
The most intense band in Figure 5B , lane The primer extension products were analysed on a 40 cm, 8% acrylamide, DNA sequencing gel. The resulting sequence ladder omits the nucleotide sequence between positions +161 and +103 when compared to the sequence determined for genomic DNA ( Figure  3B ). The splice junction is indicated by the arrow at 450C. The resulting sequence ladder has been converted to that of the non-coding strand to correspond with the mRNA and Figure 3B . similar approach (36,r37 (33, 34 ). An AT rich (39, 40) . Taken together with the intron assignment and the 5' end assignment, the Sl mapping of the 3' end of the mRNA indicates a mature mRNA size of 520 bp plus the length of the poly A tail. This estimate agrees well with the mRNA size from RNA blots (-600 nucleotides) and predicts a poly A tail of 70-80 nucleotides.
proteina Coding SCgIeencp Qf L Eukaryotic ribosomes generally initiate protein translation at the AUG closest to the 5' end of the mRNA (41) . The first AUG is present at +10 in the rp49 mRNA sequence. When the intron is removed, this open reading frame (rp49) extends 399 nucleotides to the TAA termination codon at position +468. The predicted amino acid sequence is presented in Figure 6A . The 133 amino acid polypeptide encoded by the rp49 gene is approximately 18,900 daltons in molecular weight, close to the 20,000 dalton size of rp 49 as measured by SDS gel electrophoresis (11) .
Another open reading frame of 387 bp occurs in rp 49 mRNA and could encode a protein of similar molecular weight to rp49 (Figue 6B). Several arguments suggest this sequence is not the rp49 open reading frame. First, translation of this polypeptide would not begin with the first AUG (41) . Second, the putative protein is much less basic than rp49 and less basic than A. Predicted protein sequence of rp49 using the first in-frame ATG (see Figure 3B) . The heavy arrow indicates the splice point between the first and second exons of this gene. The putative start ATG and termination TAA codons are underlined.
B.
Predicted protein sequence of the 3otherN open reading frame within the rp49 gene. This putative coding region begins at the first ATG after the 3' splice junction (see Figure 3B) . The 'illegal" codons present in this sequence are underlined (see text).
expected from the mobility of rp49 on polyacrylamide gels. Third, a comparison with the codon usage of several IL Melanogagter genes indicates that the first open reading frame rather than the second contains the codons of abundant DzKgLQhila gene product (see below).
Sequence analysis of genes from several different organisms has revealed a species specific bias in the usage of the several degenerate codons which code for an amino acid (e.g., 42,43).
For instance in yeast, abundant transcripts use a relatively restricted set of codons, which in many cases correspond to the abundant isoaccepting tRNA species present in this species (43, 44) . Genes that generate less abundant mRNAs use a less restricted although still biased set of codons (43) . Presumably, the extreme codon bias of abundant mRNAs is due to the selective pressure to allow efficient translation of these sequences.
To begin an examination of codon bias in la. melanoaaster,.
coding sequences of several rather abundant mRNAs were compared for codon preference. These genes are compared with a compiled set of abundant yeast mRNAs and with rp49 ( Table 3) . As for abundant yeast mRNAs, the codon bias is extensive in these DroQoAbila genes, although the frequent codons are often different from those used in yeast. Of the 61 possible sense codons, three (ATA, ACA, CGG) are not observed in any of the eight DzosgaUilA genes examined. The codons TTA, GTA, AGT, AAA, TGT and GGG are used infrequently. It is obvious that the codon selection of the rp49 gene is qualitatively similar to these other pr.gs 2iha genes.
In contrast, the second open reading frame starting after the splice is quite different, e.g., some of the 'absent' codons listed above are used at a relatively high frequency. This open reading frame contains these three rare codons (ATA, ACA, CGG) in seven positions out of the 125 codons in this reading frame: CGG is used four times, ACA twice, and ATA once ( Figure 6B ). 8  7  3  5  0  1  2  0  26  64  GTC  9  8  6  3  8  9  13  5  56  44  GTA  0  0  0  2  0  1  6  0  9  0   GTG  14  13  2  3  3  2  23  3  60  0   Ser TCT  1  3  0  1  2  1  2  1  10  38  TCC  8  13  6  4  3  3  27  0  64  33  TCA  0  0  1  2  0  0  2  2  5  0  TCG  3  3  2  2  0  0  15  4  25  0   AGT  0  1  0  0  1  0  0  0  2  0  AGC  14  9  2  2  3  4  3  1  37  0   Pro CCT  2  2  2  2  2  2  3  1  15  3  CCC  18  18  7  6  5  5  23  5  82  1  CCA  1  1  4  4  1  2  7  3  20  32  CCG  1  1  1  1  0  0  5  1  9  0   Thr ACT  0  3  1  1  1  1  3  0  10  27  ACC  22  25  1  2  1  1  42  5  94  34  ACA  0  0  0  0  0  0  0  0  0  0  ACG  0  2  0  0  0  0  4  3  6  0   Ala GCT  7  5  0  3  5  3  11  1  34  68  GCC  26  20  12  12  8  9  39  2  126  32  GCA  2  0  2  1  0  0  3  1  8  0  GCG  3  1  1  1  0  0  6  1  12  0 YP1 YP2 CP1 CP2 CP3 CP4 Ac rp49 Dm  Y   Tyr TAT  5  2  0  0  0  0  9  2  16  0  TAC  10  15  2  2  3  3  22  2  57  33   His CAT  1  3  3  2  1  0  2  0  12  1  CAC  10  5  7  7  1  2  16  4 Very long exposures of hybrid selected translation products show an array of faint spots (in addition to the extremely intense rp49 spot) that migrate either precisely like or very similarly to other rps. At the time of the initial report of the isolation of c25, the amount of mRNA utilized and exposures were not sufficient to detect these relatively faint wextra spots (11) . With longer exposures and 10 ug pA+ RNA, the result reported here was reproducibly obtained and independent of the source of rp49 DNA (i.e., phage c25 or subclones H4 and HRO.6) and independent of the hybrid selection technique (11, 29) . The result suggests that the c25 sequences may have some homology to the mRNA encoding those nextraw polypeptides.
Several observations suggest that this homology is quite limited. First, the signal of the "extra" spots is much less intense than the rp49 signal and is only visible when the rp49 spot is grossly overexposed. Blot hybridizations of radioactive rp49 DNA to electrophoretically separated DNA fragments or mRNAs detect no additional signals, although these blots generally undergo a more stringent washing procedure than the hybrid selections. It should also be emphasized that these faint polypeptide spots are not proven to be bona fid rps. The comigration for some of the fainter spots is not perfect.
In addition no attempt has been made to determine whether any of these faint "extra' spots are bona fide rps by partial peptide analysis.
A recent paper, reporting the isolation of another DrogoQhila rp gene (45) , demonstrates that the phage DNA efficiently hybrid selects 6 rp mRNAs, although the phage contains the gene for only one of the selected rps. Bozzoni & Al. (46) have also observed a similar phenomenon in their hybrid selection analysis of the Xeno2us Ll and L14 rp genes. These investigators have determined that the sequences responsible for the appearance of the "extra" faint spots, which migrate similarly to other ribosomal proteins, reside very close to or within these identified genes. Since the rp49 subclone, HRO.6, selects mRNA which generates the same array of faint polypepetides as the c25 phage DNA and since the 'extra' spots are faint as compared to the 'real' spot, it appears that we are observing a similar phenomenon with the DrLoQ2hila rp49 gene to the one previously reported by the Xeno2us group (46) .
An interesting feature of the rp49 gene is the presence of an alternative uninterrupted open reading frame in addition to the putative rp49 coding sequence. Although the codon analysis data presented above suggest that this additional open reading frame is not translated and therefore is probably a random occurrence (perhaps in part a consequence of the relatively high GC content where stop codons are less likely to occur), mRNA translated in this frame could probably explain at least one of the "extra" spots in the in vitro translation products of mRNA hybrid selected by rp49 DNA.
The generality of some of the observations and comparisons reported here, in particular the GC content analysis and codon frequency, remains to be established. It will be interesting to learn how well other Dprosohila genes, especially non-abundant genes, conform to the codon rules. The availability of DNAmediated transformation (47, 48) in DrogoLpiLla will allow us to test the functional requirements for upstream sequence elements.
Finally, it will be interesting to see if sequence and/or structural homologies exist between rp49 and other Drosa].hilA ribosomal protein genes as is the case for yeast (17) .
KCKNELEDD
We thank M.C. Hung, H. Colot, A. Vincent, and M. Wormington for helpful suggestions and their comments on this manuscript. We are also greatful to T. Tishman for secretarial help and N. Abovich for photographic assistance. This work was supported by a grant from the NIH (GM23549).
